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Introduction
Histological otosclerosis has a prevalence of 3.4% 
to 10% in the Caucasian population.1,2 One percent 
of cases develop stapes footplate fixation because 
of abnormal bone resorption and redeposition. 
This leads to fixation of the stapes and results 
in conductive hearing loss or clinical otosclerosis. 
The etiology of otosclerosis is still uncertain.3 The 
pathophysiology is probably a mixture of autosomal 
dominant inheritance with reduced penetrance, 
persistent varicella virus infection, and auto-
immune pathology.4 Clinical otosclerosis is rare in 
people of Asian and African descent, and it is twice 
as common in women than men. Otosclerosis 
usually starts at 20 to 40 years of age and during 
pregnancy, and progressive conductive, or often 
mixed, hearing loss starts at 20 years of age. In 80% 
of cases there is bilateral histological otosclerosis. 
Concomitant complaints of tinnitus occur in 66% 
of cases and positional vertigo in 20% of cases.4
Patients with otosclerosis have increased air 
conduction thresholds due to fixation of the stapes 
footplate, causing diminished continuation of the 
soundwave from the outer ear canal to the cochlea. 
A combination of conductive and sensorineural 
hearing loss is often observed. The loss of bone 
conduction (BC) is more difficult to explain. There 
are five important contributors to perceiving sound 
by the stimulation of BC.5,6 First, the inertia of the 
fluid in the cochlea is the most important contributor 
in a healthy ear as temporal bone vibrations act on 
the fluid, which is inert and incompressible and has 
to move as one rigid body. Because of impaired 
movement of the fluid at the oval window due 
to otosclerosis, the transmission through BC is 
diminished. Second, the inertia of the middle ear 
bone and ossicles can influence BC hearing. This 
effect is more pronounced in the mid-frequencies; 
1-3 kHz is thought to be the resonance frequency of 
the human ossicular chain. The third contributor 
is compression of the cochlear walls or inner 
ear compression. This effect is only present at 
high frequencies. The compression can change 
the cochlear fluid spaces and therebythe movement 
of the round and oval windows. In otosclerosis, a 
fluid outlet on the scala vestibule side diminishes 
fluid movement movement across the basilar 
membrane and increases BC thresholds. The last 
two contributors are sound radiation in the open 
external ear canal and pressure transmisson from 
the cerebrospinal fluid, but these have minimal 
influence on BC signals at normal hearing fre-
quencies.5
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11.70%), or 2 kHz (n = 115, 54.0%). We measured a mean postoperative improvement in BC of 7.5, 8.4, and 8.8 dB HL. 
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Conclusion: The Carhart notch was not solely related to the 2 kHz frequency. The greatest gain in BC after stapedotomy 
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2 kHz. The mechanism of the Carhart notch is not 
clearly understood. Some have argued that it is an 
audiometric artifact,2 in reality the BC thresholds 
should be lower than shown on audiometry. The 
second theory is a change in resonant frequency of 
the human ossicular chain. The last theory is that 
the movement of the inert perilymph fluid by bone 
vibration is impaired because of oval window 
fixation, leading to a loss of energy through BC. 
The notch cannot be interpreted as a real perceptive 
hearing loss, but rather as a “conductive” loss. After 
stapedotomy this energy loss is recovered and may 
explain the reduced postoperative BC threshold and 
the overclosure effect.7,8,9
The aim of this study was to perform a 
comprehensive analysis of the change in BC 
thresholds after stapedotomy in patients with 
clinical otosclerosis. The non-operated, or healthy, 
ear was examined to determine signs of bilateral 
otosclerosis in symptomatic and asymptomatic 
patients.
Results
Evaluating the PTA results of all patients together, 
the mean pre-operative BC was 27.0 dB HL 
(Figure 1). The audiometry was a cup-shaped curve 
with the highest threshold at 2 kHz. BC increased 
after stapedotomy compared to the pre-operative 
PTA. The mean improvement in PTA was 
1.8 dB HL. Looking at the frequencies separately, 
the gain in BC at 2 kHz was 3.3 dB HL, and at 
1 kHz the gain was 3.8 dB HL. No changes in BC 
was noted at 0.25, 0.5, or 4 kHz.
Next, we divided the study group into groups 
according to the frequency of the Carhart notch 
(0.5, 1, and 2 kHz or no clear frequency; Table 1). 
Within our study population, 18 patients (8.4%) 
had a notch at 0.5 kHz. The postoperative gain in 
BC at 0.5 kHz was 7.5 dB HL. Twenty-five patients 
(11.7%) had a notch at 1 kHz. This group had a 
gain of 8.4 dB HL at 1 kHz. The Carhart notch was 
present at 2 kHz in 115 patients (54%), and they 
had an average improvement in BC of 8.8 dB HL 
at 2 kHz (Figure 2). We did not include patients 
with a Carhart notch at 4 kHz because we could 
not exclude high frequency hearing loss, which 
interferes with the pure otosclerotic changes in 
audiometry due to noise damage or presbyacusis. 
Instead, we added these patients to the group with 
no clear Carhart notch (Figure 3). The group 
Materials and methods
This retrospective case review was conducted on 
235 patients who underwent a stapedotomy at our 
center between January 2004 and December 2011. 
Twenty-two patients were excluded due to a lack 
of follow-up data. The study group consisted 
of 213 patients with an average age of 46 years 
(102 men and 111 women). 
Conventional stapedotomy was performed under 
general anesthesia using a transcanal approach with 
cold instruments. All subjects received a Schuknecht 
prosthesis approximately 4.5 mm in length and 
0.6 mm wide. 
Audiometric testing using headphones was per-
formed by certified clinical audiologists. Pure tone 
octave-wide audiometry with adequate masking 
was used to test BC. Our short-term follow-up data 
was based on the 3 to 6 months after audiometry. 
We included pure tone audiometry (PTA) of the 
pre-operative and postoperative BC in the operated 
ear according to the 2012 AAO-HNS criteria (0.5, 
1, 2, and 4 kHz). According to European habits and 
in contrast to the guidelines of the Committee 
on Hearing and Equilibrium from the American 
Academy of Otolaryngology-Head and Neck 
Surgery, 3000 Hz was not used in our calculations. 
The acoustic stapedius reflexes and PTA of BC in 
the non-operated ear were also included. BC was 
classified as normal between 0 and 20 dB HL, an 
increase in the BC thresholds or worsening of BC 
hearing was noted between 20 and 40 dB, and even 
higher thresholds were classified as a significant 
increase. The statistical software was Microsoft 
Excel 2007. The presence of a Carhart notch, the 
frequency of the notch, and patient age were the 
criteria used to classify the data. Classification 
into different notch frequencies was based on 
the frequency at which the highest BC threshold 
was observed. Extensive anamnestic and tech-
nical examinations were performed to diagnose 
otosclerosis. Computer tomography (CT) confirmed 
the presence of otosclerosis and, for all included 
patients, the diagnosis was again confirmed during 
surgery. 
The hallmark of otosclerosis is the Carhart notch, 
which looks like a “butterfly” on audiometry. The 
upper line of the “butterfly” is formed by the BC 
thresholds, which are often worse at 2 kHz. The 
lower line of the “butterfly” is shaped by the air 
conduction thresholds, which are usually best at 
03-sabbe-.indd   184 10/09/15   11:45
Otosclerosis 185
the non-operated ear were included in the study. 
The average BC for the non-operated ear was 
21 dB HL. In regards to the average BC per patient, 
49.1% of the patients had BC within normal 
thresholds in their non-operated ear. The BC 
thresholds slightly increased in 45.6% of patients, 
and 4.1% had a significant increase in their BC 
thresholds. A total of 1.2% of patients had thresholds 
≥ 55 dB HL (Figure 6). We evaluated the presence 
of a Carhart notch for the non-operated ear. No 
clear notch was seen on the audiometry for 
120 patients (72.3%), but 46 patients (27.7%) had a 
notch on their audiometry. Among the patients with 
a Carhart notch, 43 (20.9%) had a Carhart notch at 
2 kHz. We compared the audiometric data from 
non-operated ears in the different groups (Figure 7). 
Eighteen patients underwent stapedotomy for the 
other ear in a second phase. Looking at these 
patients separately, we concluded that nine of them 
already had a Carhart notch at 2 kHz in the non-
operated ear before the first operation. In addition, 
nine patients did not exhibit the typical loss of BC 
at 2 kHz. Measurement of the stapedial reflex at 
the non-operated ear resulted in 11 patients with 
normal reflexes ipsilateral. Twenty-four patients 
had no stapedial reflex and 37 patients had an 
abnormal reflex (Table 2). Among patients with 
absent reflexes at the non-operated ear, four were 
operated on afterwards. Three patients in the group 
with abnormal reflexes had bilateral surgery. 
Discussion
In the present study we evaluated BC thresholds in 
patients with clinical otosclerosis. Although clinical 
without a clear Carhart notch had a gain in BC of 
1.0 dB HL.
Next, we examined the independent factor age 
(Figure 4). We separated the 213 patients into 
different groups and compared their pre-operative 
and postoperative BC (Figure 5). Among 70 to 
79-year-old patients we observed a worsening 
of the BC, with an increase of 3.9 dB HL post-
operatively. Among 60 to 69-year-old patients the 
PTA of BC thresholds diminished by 6.0 dB HL. 
Among 50 to 59-year-old patients BC increased 
2.1 dB HL postoperatively. Among 40 to 49-year-
olds the increase was 2.9 dB HL. Among 30 to 
39-year-olds stapedotomy resulted in an increased 
BC of  2.0 dB HL. Finally, among 20 to 29-year-
olds, the BC thresholdlost 1.4 dB HL. 
To evaluate the presence of early signs of 
bilateral otosclerosis, the audiometric results for 
Figure 1
Change in BC thresholds (dB HL) in the operated ear after 
stapedotomy (n = 213 patients).
Table 1
Postoperative gain in BC thresholds in the operated ear and frequency of the Carhart notch compared to patients  
without a clear notch
Notch
(kHz)
Number
of patients
BC threshold at notch frequency (dB HL) BC gain at the notch frequency 
(dB HL)Pre-operative Postoperative
0,5 18 29.3 21.8 7.5
1 25 28.6 20.2 8.4
2 115 36.3 27.5 8.8
PTA BC thresholds at all frequencies (dB HL) Average gain in BC at all
frequencies (dB HL)Pre-operative Postoperative
No notch 55 28.3 27.3 1.0
Total 213 27.0 25.3 1.7
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abnormal pre-operative BC, we observed changes 
in the BC thresholds and Carhart notch configuration 
after stapedotomy in patients with clinical oto-
sclerosis. 
Taking into consideration 90.6% of our patients 
(22 patients were excluded because of incomplete 
postoperative follow-up), we conclude that BC 
improves 1.8 dB HL on average after stapedotomy. 
otosclerosis related to stapes footplate fixation is 
expected to present mainly with conductive hearing 
loss, a decrease in BC thresholds also occurred in 
the studied cohort. The audiometric results typically 
showed a cup-shaped curve for the BC. The Carhart 
notch frequency is where the highest BC threshold 
is measured. The air conduction and BC curves 
create a “butterfly” shape. In addition to the 
Figure 2
Evaluation of audiometry (dB HL) according to the frequency of the Carhart notch. (A) 18 patients with a notch at 0.5 kHz. 
(B) 25 patients with a notch at 1 kHz. (C) 115 patients with a notch at 2 kHz.
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can be explained by the theory of overclosure.7,9,10 
BC causes vibration of the temporal bone, which 
makes the inert perilymph fluid move, but this 
movement is impaired due to fixation of the oval 
window. Performing a stapedotomy resolves this 
problem and diminishes the BC thresholds to a 
lower level than preoperatively. This phenomenon 
creates the impression of resolved perceptive 
hearing loss but is actually due to better mobility of 
the middle ear ossicles and oval window. 
When separating patients according to age, the 
largest gain in BC occurred between 40 and 60 years 
of age. The poor outcome in younger patients could 
be explained by the severity and extent of oto-
sclerosis at this age. We could not find a clear 
correlation between age and changes in BC 
thresholds after stapedotomy. We found that BC 
deteriorated in the group aged 70 to 79 years. The 
BC PTA increased 3.9 dB HL after stapedotomy, 
but we could not find a clear explanation as to why, 
though it is most likely due to the higher vulnerability 
and poor healing of inner ear ossicles at this age. 
Furthermore, we have to take into account that 
this group consisted of just four patients. With 
939 patients, Bittermann et al.11 showed a slight 
advantage for patients older then 40 years of age in 
regards to achieving a postoperative air-bone gap 
of 10 dB HL or less. These findings contradict 
Marchese et al.,12 who showed that patients older 
than 50 years of age have worse outcomes after 
stapedotomy, possibly due to the vulnerability of 
the aging cochlea, which makes it more suspectible 
to surgical damage.
Evaluating the non-operated ear, diminished BC 
occurred mostly at 1 and 2 kHz, and less than half 
of the patients had BC within normal thresholds. 
We found that 27.7% of patients already had a 
Carhart notch in the non-operated ear, and the notch 
was present at 2 kHz in 20.9% of these patients. 
The most pronounced hearing loss was seen in 
Changes in BC thresholds mostly occurred at 1 and 
2 kHz. 
In our population, 74% of the included patients 
presented with a Carhart notch at 0.5, 1, or 2 kHz in 
their pre-operative audiometry. The results of our 
series are in agreement with the study by Perez et 
al.,6 who concluded that the Carhart effect is mostly, 
but not uniquely, present at 2 kHz, as originally 
described by Carhart.7 As illustrated in Table 1, the 
improvement in BC after stapedotomy occurred in 
every group, and it was clearly more pronounced at 
the frequency of the Carhart notch. BC thresholds 
decreased 7.5, 8.4, and 8.8 dB HL at the notch 
frequencies of 0.5, 1, and 2 kHz, respectively, after 
stapedotomy (Table 1). This was a clear gain 
compared to the mean gain in BC of 1.8 dB HL 
over all the frequencies (Figure 1). This phenomenon 
Figure 3
Changes in pre-operative and postoperative BC (dB HL) after 
stapedotomy in 55 patients with no clear Carhart notch.
Table 2
Pre-operative stapedial reflexes
Stapedial reflex 
ipsilateral
Non-operated ear
(number of patients)
Operated ear
(number of patients)
Normal 11 (5.4%) 0 (0%)
Absent 24 (11.6%) 21 (11.0%)
Abnormal 37 (18.0%) 53 (27.9%)
Missing data 134 (65.0%) 116 (61.1%)
Figure 4
Age distribution
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this group. Nine patients underwent stapedotomy 
because of otosclerosis in the contralateral  ear. 
Lastly, stapedial reflexes were included in the 
study. The stapedial reflex was absent at the non-
operated ear in 11.6% of patients. Four of these 
patients later underwent stapedotomy in this ear. 
Eighteen percent of patients had an abnormal 
stapedial reflex at the non-operated ear, and three 
patients in this group underwent a contralateral 
stapedotomy. Early signs are already present but 
longer follow-up is necessary to estimate the 
number of patients who have clinical bilateral 
otosclerosis.
Figure 5
Pre-operative and postoperative BC (dB HL) as a function of age. (A) 4 patients aged 70 to 79 years. (B) 20 patients aged 60 to 
69 years. (C) 62 patients aged 50 to 59 years. (D) 76 patients aged 40 to 49 years. (E) 40 patients aged 30 to 39 years. (F) 11 patients 
aged 20 to 29 years.
Figure 6
Average BC in the non-operated ear per patient (166 patients)
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Conclusion
The Carhart notch is a typical sign seen on 
audiometry for patients with otosclerosis. The 
notch is not only seen at 2 kHz, but also at 0.5 and 
1 kHz. Stapedotomy improves BC postoperatively. 
Due to the surgery, the inert perilymph fluid can 
again move towards the oval window, inducing 
the overclosure effect on the audiogram. In the 
literature, histological otosclerosis is bilateral in 
80% of patients, and early signs (Carhart notch, 
absent reflexes) of bilateral clinical otosclerosis can 
be seen by evaluating the non-operated ear. The 
presence of these signs is not yet an indication for 
stapedotomy on the contralateral side.
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Figure 7
Mean air and bone conduction (dB HL) in the non-operated ear based on the occurrence of the Carhart notch. 120 patients (72.3%) had 
no clear notch, 3 patients (6.9%) had a notch at 1 kHz, and 43 patients (20.8%) had a notch at 2 kHz.
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